FLOWERING LOCUS T (FT) and TERMINAL FLOWER1/CENTRORADIALIS (TFL1/CEN) are the key regulators of flowering time in plants with FT promoting flowering and TFL1 repressing flowering. TFL1 also controls floral meristem identity and its maintenance. In this study we have characterized two pomegranate (Punica granatum L.) TFL1/CEN-like genes designated as PgTFL1 and PgCENa. The expression of PgTFL1 and PgCENa fluctuated through alternate pruning and flowering cycles, being highly expressed during the vegetative phase (immediately after pruning) and decreasing gradually in the months thereafter such that their lowest levels, especially for PgCENa coincided with the flowering phase. Both the genes are able to functionally suppress the Arabidopsis tfl1-14 mutant flowering defect. Their expression in Arabidopsis resulted in delayed flowering time, increased plant height and leaf number, branches and shoot buds as compared with wild type, suggesting that PgTFL1 and PgCENa are bonafide homologs of TFL1. However, both the genes show distinct expression patterns, being expressed differentially in vegetative shoot apex and floral bud samples. While PgTFL1 expression was low in vegetative shoot apex and high in flower bud, PgCENa expression showed the opposite trend. These results suggest that the two TFL1s in pomegranate may be utilized to control distinct developmental processes, namely repression of flowering by PgCENa and development and growth of the reproductive tissues by PgTFL1 via distinct temporal and developmental regulation of their expression.
Introduction
The molecular and genetic basis of floral transition has been the subject of detailed analysis in various monocot and dicot plant species. These studies have identified several independent signal transduction pathways that regulate floral induction and flowering time, e.g., vernalization, photoperiodic and the autonomous pathway (Komeda 2004 , Corbesier and Coupland 2005 , Amasino 2010 , Srikanth and Schmid 2011 . The integrated signal for floral induction is transmitted to the vegetative meristem to induce the expression of floral meristem identity genes LEAFY (LFY) and APETALA1 (AP1) that activate floral transition. In Arabidopsis, studies on transition from vegetative to reproductive phase have led to the identification of many flowering time regulatory genes such as FLOWERING LOCUS T (FT), LFY, FLOWERING LOCUS D (FD), TERMINAL FLOWER1 (TFL1), AP1, APETALA2 (AP2) and AGAMOUS (AG) (Mizukami and Ma 1997 , Koornneef et al. 1998 , Simpson and Dean 2002 , Espinosa-Soto et al. 2004 , Wellmer and Riechmann 2010 , Ho and Weigel 2014 . On the basis of their functional characteristics these genes are classified into two groups viz. flowering promoters (FT, LFY and AP1) and repressors (TFL1) (Hanzawa et al. 2005 , Wigge et al. 2005 , Shalit et al. 2009 , Ho and Weigel 2014 .
In the shoot apical meristem (SAM), FT interacts with FD and forms an FT-FD complex to activate the expression of downstream components AP1 and LFY to promote flowering , Wigge et al. 2005 . In contrast, TFL1 acts as a repressor of floral initiation by competing with FT for FD binding (Ahn et al. 2006 , Hanano and Goto 2011 , Randoux et al. 2014 and maintains the inflorescence meristem in a vegetative state. Expression of TFL1 is known to repress AP1 and LFY (Shannon and Meeks-Wagner 1991 , Bradley et al. 1997 , Boss et al. 2004 ). Conversely, flower promoting genes like LFY, AP1, CAULIFLOWER or FRUITFULL also repress TFL1 expression in the floral meristem (Kaufmann et al. 2010 , Winter et al. 2011 .
The Arabidopsis genome contains six members of the phosphatidylethanolamine-binding protein (PEBP) family including FT and TFL1; other members include TWIN SISTER OF FT (TSF), ARABIDOPSIS THALIANA CENTRORADIALIS (ATC), BROTHER OF FT AND TFL1 (BFT) and MOTHER OF FT AND TFL1 (MFT) (Mimida et al. 2001 , Yoo et al. 2004 , Yamaguchi et al. 2005 . These floral integrator genes contain a PEBP domain (Bradley et al. 1997 , Kardailsky et al. 1999 , Kobayashi et al. 1999 , Amasino 2010 . Despite functioning antagonistically, the FT and TFL1 proteins share considerable sequence similarity (~60%). However, differences in critical amino acid residues including Tyr85/Gln140 in FT instead of His88/ Asp144 in TFL1 and those in the B-segment of these proteins determine whether the protein will act as a floral activator or repressor (Hanzawa et al. 2005 , Ahn et al. 2006 .
Pomegranate (Punica granatum L., family Punicaceae), a popular fruit tree cultivated in arid and semi-arid tropics and subtropics around the world (Holland et al. 2009 ), is considered to have originated from arid and semi-arid parts of Central Asia around Iran. Besides the fruit, which is popular for its nutritional content that includes polyphenols, tannins, anthocyanins, vitamins, minerals, organic acids, sugars, etc., various medicinal and industrial uses of pomegranate have been extensively summarized (Miguel et al. 2010 , Teixeira da Silva et al. 2013 ) and its cultivation is growing every year. Although pomegranate is a deciduous plant, many evergreen cultivars have been developed through selection and breeding. The intensity of flowering varies substantially among the cultivars depending upon the climatic conditions. In the tropics, pomegranate plants flower throughout the year, while in sub-tropical areas it flowers only once a year followed by a dormant deciduous phase during winter (Babu et al. 2011) . In central and western India this plant remains evergreen under irrigation with three flowering seasons (JanuaryFebruary, June-July and September-October) during the year (Babu et al. 2011 ), but is low yielding. The cultivars with better productivity and quality used in the Mediterranean region, when introduced in the tropical regions of India, become not only shy bearers but also flower only once in a year. Apparently, the flowering in these cultivars is genetically regulated differently than in Indian varieties and our efforts to introduce some of the useful characteristics through breeding in tropical cultivars have met with limited success. The adoption and cultivation of better yielding varieties from subtropics to tropics or vice versa by changing the timing of floral transition could enhance productivity and the commercial success of such varieties. The knowledge of molecular and genetic regulation of flowering in pomegranate cultivars could thus help in developing better varieties of pomegranate for different geographical regions including tropical India. As a first step towards this, we report the cloning and functional characterization of two repressors of floral transition, designated as PgTFL1 and PgCENa from pomegranate.
Materials and methods

Pomegranate plants and pruning
Tissue samples of pomegranate cultivar 'Bhagwa' were collected from the R&D fields of Jain Irrigation Systems Ltd, Jalgaon, India (N20.953337: E75.556122). Sampling for gene expression studies during pruning and flowering cycle were carried out on selected pomegranate plants pruned twice, first in May 2013 and second in January 2014 after the completion of fruit set. Pruning in the month of May was done by removing all shoots and leaving only secondary and tertiary branches, while pruning in January was done by reducing the growth to 40-50% of the shoot growth prior to pruning and thinning of shoots. The first sampling was done 15 days after pruning and the remaining samples were collected at 15-day intervals. Fully expanded young leaves (~2 weeks old) were collected between 13:00 and 14:00 h as samples. Samples for gene expression studies in vegetative apex (VA) and flower bud (FB) were collected from 8-day-old growing vegetative apex and 4-day-old flower bud. Day zero for vegetative apex was considered the day when the visible shoot growth was observed and day zero for flower bud was considered as day the pin head flower bud became visible. It is not possible to distinguish vegetative and floral buds before the appearance of flower bud. Tissue-specific gene expression was studied in various vegetative and reproductive tissues namely juvenile leaf, young leaf, mature leaf, young stem, leaves of succulent shoots and leaves of flower-bearing shoots, developing flower bud, petal and calyx. All the samples/tissues collected for gene expression analysis were immediately frozen in liquid nitrogen and stored at -80°C until use.
Functional studies in Arabidopsis
For functional analysis in a heterologous plant system, Arabidopsis wild-type plants of ecotype Columbia-0 (Col-0) and its TFL1 mutant (tfl1-14) were used for overexpression and functional complementation studies respectively. Arabidopsis seeds were sown in 150 cm 3 pots having Soilrite Mix (TC grade media) and stratified at 4°C for 3 days. The pots were shifted to a growth chamber maintained at 22°C with fluorescent light (150 μmol m -2 s -1
) for 16 h and 8 h dark period.
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Genome walker library preparation
Genomic DNA was isolated from leaf samples of pomegranate Bhagwa variety using the plant DNA minipreparation method (Dellaporta et al. 1983) . Genomic DNA quality was checked on agarose gel electrophoresis and the concentration as well as purity was checked by NanoDrop ND 1000 (Thermo Scientific, Wilmington, DE, USA). Genomic DNA (10 μg) was digested with DraI, EcoRV, SspI and StuI (Fermentas Life Sciences, Vilnius, Lithuania, EU) for preparing Genome walking libraries using Genome Walker Universal kit (Clontech Laboratories, Inc. Mountain View, CA, USA) following the manufacturer's instructions.
RNA extraction, cDNA synthesis and SMARTer library preparation Total RNA was extracted by lithium chloride method (Singh et al. 2009 ) and genomic DNA contamination was eliminated by RNase-free DNaseI (Fermentas Life Sciences, Carlsbad, CA, USA) treatment. Further RNA cleanup or purification was done by using RNeasy Mini Kit (Qiagen, Hilden, Germany) according to manufacturer's protocol. First strand cDNA was synthesized by iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) using oligo (dT) primers according to the manufacturer's instructions.
SMARTer libraries (5′ SMARTer and 3′ SMARTer) were prepared using SMARTer RACE cDNA Amplification Kit (Clontech Laboratories, Mountain View, CA, USA) according to the manufacturer's recommendations. The libraries were prepared from a pooled total RNA of various vegetative and reproductive tissues.
Isolation of PgTFL1 and PgCENa from pomegranate
Degenerate primers were designed by iCODEHOP software based on conserved regions of various TFL1/CEN genes of several eudicots such as AtTFL1 (U77674) and ATC (AB024714) of Arabidopsis, MdTFL1 (AB052994), MdTFL1a (AB366643), MdCENa (AB366641) and MdCENb (AB366642) of apple, CsTFL (AY344244) of Citrus sinensis, PnTFL1a (AB181183) of Populus nigra and VvTFL1A (DQ871591) of Vitis vinifera. These degenerate primers were used to amplify the target genes from cDNA and genomic DNA. The degenerate primer combination DegTFL1-B18-F (5′ GCACTGGCTGGTGacngayathcc 3′) and DegTFL1-62-R (5′ GGACTCCCGCTGGcarttrwarta 3′) was used to amplify a fragment of 410 bp from genomic DNA. Touchdown PCR was performed by denaturing cDNA at 95°C for 5 min followed by 35 cycles of amplification (95°C for 30 s, 55-60°C for 30 s, 72°C for 80 s) and a final extension at 72°C for 7 min. The fragments were cloned in pTZ57R/T (Fermentas Life Sciences, Vilnius, Lithuania, EU) and sequenced. Based on the sequence, two primers (PgTFL1-IGW-1 and -2) for amplification towards the 5′ end and two primers (PgTFL1-IGW-3 and -4) for amplification towards the 3′ end were designed for genome walking experiments in combination with genome walker adapter primers (see Table S1 available as Supplementary Data at Tree Physiology Online). These resulted in amplification of a fragment of 839 nt (5′ end) and 632 nt (towards 3′ end) and an open reading frame (ORF) of 519 nt was confirmed by sequence analysis. The 5′ and 3′ untranslated regions (UTRs) of this full-length PgTFL1 gene were obtained by 5′SMARTer RACE and 3′ RACE by following above PCR conditions.
During the search of other TFL1/CEN-like genes in pomegranate, the degenerate primer combination of DegTFL1-A1-F (5′ GTGGGCCGGGTGrtnggngangt 3′) and DegTFL1-54-R (5′ GCCGGGGGCGtanacngtytg 3′) also amplified a 346 bp fragment from cDNA. Gene-specific primers (see Table S1 available as Supplementary Data at Tree Physiology Online) to amplify 5′ and 3′ ends were designed for genome walking to get the full-length gene sequence. A fragment of 582 nt was amplified towards 5′ by genome walking PCR and confirmed by sequence analysis. The 3′ gene sequence and 3′ UTR portion (314 nt) were obtained by 3′ RACE using gene specific primers (PgCENa-GW-3 and -4). The 5′ UTR of 104 nt was also obtained by 5′ SMARTer RACE using gene specific primer (PgCENa-GW-1 and -2). These regions were assembled and full ORF obtained. PCR conditions for these procedures were the same as described earlier in this section.
Quantitative real-time PCR (qRT-PCR)
To determine relative gene expression levels, qRT-PCR of the collected samples was performed in CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). Gene-specific primers for each gene (see Table S1 available as Supplementary Data at Tree Physiology Online) were designed by Primer3 (version 0.4.0) software and also checked manually. For the confirmation of specific amplification of each primer, the test reaction was subjected to the melt curve analysis, electrophoresis and confirmed by sequencing. Primer efficiency of all the primers used in expression analysis was checked by using the standard curve before performing qRT-PCR by using a dilution series of mixed diluted cDNA of different plant tissues. The SsoFast EvaGreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA) was used in 96-well low profile PCR plate (Bio-Rad Laboratories). The prepared cDNA was diluted to 10 fold, and subsequently 3 μl used in each reaction as template. The thermal cycler conditions were: 2 min at 50°C, 95°C for 10 min, then 45 cycles for 15 s at 95°C, 10 s at 57°C and 15 s at 72°C (Chaurasia et al. 2016) . Actin and 18S rRNA (U38311) were checked for suitability as reference genes; 18SrRNA was found stable in all samples and had very low variation across tissues. CFX manager software (BioRad Laboratories) was used to analyze the relative expression data using the 2 -ΔΔCt method for calculation of relative gene expression (Livak and Schmittgen 2001) . qRT-PCR was performed with three biological and three technical replicates. Statistical analysis for expression was performed by Tukey-Kramer multiple comparison test by GraphPad software.
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Cloning of PgTFL1 and PgCENa cDNA and construct for functional study
Full-length sequences of PgTFL1 and PgCENa genes were amplified by gene-specific primers (see Table S1 available as Supplementary Data at Tree Physiology Online). Two forward (5′-UTR-F and 0 F) and two reverse (3′-UTR-R and 0 R) primers were designed for each gene, in which 0 F and 0 R consisted of an XbaI site for cloning in the destination vector. The respective ORFs were amplified on a mixed cDNA template of various stages by Platinum Taq DNA Polymerase High Fidelity (Life Technologies, USA) by 0 F and 0 R primer combinations. The amplified PCR products were cloned in pTZ57R/T (Fermentas Life Sciences, Vilnius, Lithuania) and sequenced. The confirmed clones of PgTFL1 and PgCENa were digested with XbaI and inserted into the binary vector pBI121. These pBI121 plasmids harboring PgTFL1 and PgCENa were introduced into the Agrobacterium tumefaciens strain GV3101 by the freeze-thaw method for genetic transformation (Höfgen and Willmitzer 1988) .
Arabidopsis transformation
For Arabidopsis transformation, the Col-0 ecotype and the mutant tfl1-14 plants were used for functional validation studies. Arabidopsis was transformed with PgTFL1 and PgCENa by the Agrobacterium-based floral-dip method (Clough and Bent 1998) . The presence of the transgene in progeny was confirmed by PCR using gene specific and vector primers. Morphological analyses of PgTFL1 and PgCENa were performed in independent homozygous third-generation (T3) lines. Flowering time was measured as the number of rosette leaves at the time of bolting.
Phylogenetic analysis
The encoded polypeptides of different gene sequences of TFL1/ CEN genes obtained through BLAST searches in GenBank (http://www.ncbi.nlm.nih.gov/BLAST/) were aligned by ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html). The phylogeny based on the putative amino acid sequences was analyzed using the neighbor-joining method in MEGA6 software (http://www. megasoftware.net/) (Tamura et al. 2013) . The genomic and cDNA sequences of PgTFL1 have been submitted to the NCBI database under accession numbers KM520123 and KM520125, respectively, while the accession numbers for PgCENa genomic and cDNA are KM520124 and KM520126, respectively.
Results
Genomic organization of PgTFL1/PgCENa genes
Two TFL1/CEN-like homologs with ORFs of 519 nt each and encoding putative polypeptides of 172 amino acids were obtained from P. granatum L. Based on sequence homology and phylogeny with TFL1-and CEN-like genes from other plant species, these were named as PgTFL1 and PgCENa (Figure 1 ). Both, PgTFL1 and PgCENa, consist of 3 introns and 4 exons as observed in many other functional TFL1/CEN-like genes. Although the exon lengths are identical, the UTRs and intron lengths differ considerably in the two (Figure 1a ).
Sequence and phylogenetic analysis of PgTFL1 and PgCENa
Sequence alignment of protein and phylogenetic analysis of PgTFL1 and PgCENa with various TFL1/CEN-like functional proteins from other eudicot plant species yielded two separate clades with PgTFL1 being related to TFL1-like proteins and PgCENa being closer to CEN-like proteins (Figure 1b and c) . Alignment of the amino acid sequences of TFL1/CEN-like proteins showed that five key residues in Arabidopsis TFL1, namely His88, Glu112, Ser142, Asp144 and Asp156, that are responsible for functional divergence between TFL1 and FT (Hanzawa et al. 2005, Ho and Weigel 2014) were conserved in PgTFL1 while all except Asp144 were also conserved in PgCENa ( Figure 1b) . Intriguingly, the replacement of Asp144 by Asn139 in PgCENa has not been reported in any of the TFL1 proteins and appears unique. The pomegranate TFL1/CENa sequences also contain D-P-D-X-P (70-74) and G-X-H-R motifs (115-118) that are found to be conserved throughout the proteins of the PEBP superfamily (Banfield and Brady 2000) . Amongst themselves PgTFL1 and PgCENa showed 70.5% amino acid identity. When compared with Arabidopsis homologs, PgTFL1 and PgCENa exhibited 73.4% and 66.5% identity with AtTFL1 and 70.4% and 70.9% identity with ATC, respectively. When compared with apple TFL1/CEN proteins, PgTFL1 showed greater identity with MdTFL1 (79.1%) and PgCENa with MdCENa and MdCENb (76.4% and 78.2%).
Tissue-specific expression analysis of PgTFL1 and PgCENa genes
In order to investigate the expression pattern of the PgTFL1 and PgCENa genes, a study of the tissue-and organ-specific expression patterns of PgTFL1 and PgCENa genes was carried out in various vegetative and reproductive tissues. The two genes showed a distinct expression pattern with PgTFL1 expressing mainly in reproductive tissues and PgCENa expressing in vegetative tissues (Figure 2a and b) . The expression of PgTFL1 was the highest in the fruit-bearing shoots while significant expression was also observed in all flower buds, young stem and young leaves. Its expression was very low in petals, calyx, leaves of succulent shoot and mature leaves. Within leaves, PgTFL1 transcript level was higher in young leaves than in juvenile leaves and almost negligible in mature leaves (Figure 2a) . On the other hand, PgCENa transcript level was higher in vegetative tissues like succulent shoots, young stem and leaves of fruit-bearing shoots compared with flower buds, petals and calyx. Expression of PgCENa was higher in juvenile leaves than in mature leaves (Figure 2b ).
PgTFL1 and PgCENa express differentially in vegetative apex and floral buds in pomegranate It has been shown that the homologs of TFL1/CEN are expressed in the vegetative meristem and they repress flowering (Boss et al. 2004 , Guo et al. 2006 , Mimida et al. 2009 , Yoo et al. 2010 , Imamura et al. 2011 . In view of this, the expression of PgTFL1 and PgCENa was studied in vegetative apex and flower bud (Figure 3) .
The expression of PgCENa was upregulated in the vegetative apex but almost undetectable in flower bud (Figure 3 ), indicating that PgCENa was specific to the vegetative apex. In contrast, the relative transcript levels of PgTFL1 were very low in vegetative meristem but high in floral buds and increased gradually with increase in the size of floral bud (Figures 2a and 3) . These two genes thus expressed in just the opposite manner in vegetative apex and flower buds. The higher expression of PgCENa in vegetative meristem but its lower presence in the flower bud suggests that PgCENa could be the most likely candidate gene that functions as a TFL1 homolog in repression of flowering in pomegranate. Conversely, the low expression of PgTFL1 in vegetative meristem but its higher expression in floral bud (floral meristem) suggests that PgTFL1 may be involved in development and growth of reproductive tissues. These results compare well with those obtained for tissue-specific expression patterns (Figure 2 ).
Expression of PgTFL1 and PgCENa in leaves during pruning and flowering cycle
Pruning is routinely practiced in pomegranate to induce synchronous flowering in a desirable season. In Central India, Table S2 available as Supplementary Data at Tree Physiology Online).
Tree Physiology Volume 38, 2018 pomegranate flowers with three peak flowering seasons in a year. After pruning, new leaves appear followed by transition of buds from vegetative to reproductive stage in~4 months. To analyze the role of PgTFL1 and PgCENa in floral transition, vegetative to flowering transitions were induced by pruning treatments and the expression of TFL1/CEN was examined in the fully grown young leaves of fruit-bearing trees during two successive vegetative (post-pruning) and reproductive phases at 15 days interval. The first pruning was performed during June 2013 and flowering was observed 130 days after pruning. After fruit set, a second pruning operation was performed during January 2014, followed by flowering after 110 days. Both PgTFL1 and PgCENa were highly expressed during the vegetative phase as compared with the reproductive phase (Figure 4 ). Peak expression of both genes was noted within 15-20 days after pruning in both the vegetative cycles, which corresponded to rapid vegetative growth (Figure 4) . Interestingly, there was a gradual decrease in the transcript levels of these genes (especially PgCENa) with time, with transcripts reaching their lowest levels at the end of 4 months after pruning. This period (with the lowest PgCENa transcript levels) coincided with the onset of flowering. This pattern of expression was observed in both pruning cycles, with relative expression of PgCENa being higher than that of PgTFL1. The distinct increase in transcript levels after pruning and their gradual decrease prior to flowering was not observed in unpruned plants where expression seemed to follow a somewhat random pattern that did not coincide with transcript peaks and troughs of pruned plants, at least for PgTFL1 (see Figure S1 available as Supplementary Data at Tree Physiology Online). Flowering in control was continuous although at a much lesser intensity at any given time than in pruned plants. Within this continuous flowering in controls, there were three periods where flowering was relatively higher than in other months, namely in June-July (just prior to monsoon), in September-October (just after monsoon) and in January-February (after winter). These periods correlated with a relatively reduced expression level of PgCENa with expression increasing immediately after flowering in August and November.
Functional complementation analysis of the Arabidopsis tfl1-14 mutant by PgTFL1 and PgCENa
In the absence of a dependable transformation protocol for transgenic fruiting type pomegranates, the functionality of PgTFL1 and PgCENa was analyzed in Arabidopsis ( Figure 5 ). The tfl1-14 mutant as well as wild type Arabidopsis (Col-0) was transformed with PgTFL1 and PgCENa ORFs under the CaMV35S promoter. Flowering time analysis of three to five independent lines (eight plants/line) was carried out. As shown in Table 1 and Figure 5a , the flowering defect of the tfl1-14 mutant, which leads to early flowering (21 days with 7-8 
leaves (ML), (d) fruit-bearing shoots (FBS), succulent shoots (SS), (e) young stem (YS), (f) developing flower buds (F1-F5 stages), (g) petals (P) and (h) calyx (C). The vertical scale bars represent 1 cm (c, e-h) or 5 cm (d).
Tree Physiology Online at http://www.treephys.oxfordjournals.org leaves), was suppressed and corrected by expression of PgTFL1 and PgCENa. All independent lines of the PgTFL1 and PgCENa showed delayed flowering in 32-37 days (12-13 leaves for PgTFL1 and 12-15 leaves for PgCENa) compared with~28 days with~11 leaves in control. The expression of both PgCENa and PgTFL1 cDNA not only suppressed the tfl1-14 mutant defect with respect to flowering time but also restored growth to an indeterminate habit as in the wild type (two representative lines from Table 1 shown in Figure 5a ). In addition, the lines #3 and #5 of 35 S::PgTFL1/tfl1-14 and #4 and #6 of 35 S::PgCENa/tfl1-14 showed an increased number of branches (Figure 5a ), while #5 and #7 of 35 S::PgTFL1/tfl1-14 lines also showed axillary branches, which were not subtended by cauline leaves (Figure 5h and i) . The development of abnormal floral organs, increased number of leaves and branches, increased plant height and delayed flowering time were also observed in Arabidopsis TFL1 overexpression studies (Ratcliffe et al. 1998) .
In addition to the complementation studies, the functional characteristics of both PgTFL1 and PgCENa were also ascertained by expression in the Col-0 background of Arabidopsis (Figure 5j-l) under CaMV35S promoter. As in the case of tfl1-14 mutant, the flowering time was delayed significantly in all overexpressing lines with 12-14 leaves (32-37 days) compared with wild type plants (Table 1, Figure 5j ). In addition to increased number of rosette leaves and delayed flowering, these overexpression lines also showed higher number of cauline leaves, especially in the tfl1-14 background (Table 1) , and Tree Physiology Online at http://www.treephys.oxfordjournals.org increased plant height. This has previously also been observed by Mimida et al. (2009) , although the reasons are not known. Complemented lines also showed indeterminate inflorescence (Figure 5b -e) like wild type plants (Figure 5f ) as compared with terminated inflorescence in tfl1-14 mutant (Figure 5g ). On the basis of these functional studies, PgTFL1 and PgCENa may be considered as functional homologs of TFL1 in pomegranate.
Discussion
Temporal control of flowering has a key role in survival and adaptation of plants to changes in their environment. In fruit trees, knowledge of the regulation of flowering time and the possibility to modulate it has considerable potential to improve their productivity as well as extend their geographical range. Pomegranate is a commercially important fruit tree cultivated for its nutritious fruit and juice. Although it is highly adaptable, introduction of improved cultivars from Mediterranean regions to tropical regions (as exist in central India) for genetic improvement results in irregular and poor flowering. The introduced varieties flower only once in a year compared with three times in indigenous varieties and, moreover, only a few plants are able to flower. As TFL1/CEN are involved in flowering, genetic and molecular information on suppression and induction of flowering in pomegranate could help in utilizing the Mediterranean varieties for breeding purposes and introducing their useful characteristics into tropical SE Asian varieties or vice versa. In the present study, we have characterized two members of the TFL1/CEN family of floral repressors from pomegranate. These genes, named PgTFL1 and PgCENa, belong respectively to the TFL1-like and CEN-like sub-classes. Despite several attempts, no additional genes within this family could be identified. However, since the genome sequence of pomegranate is not yet available, the possibility of additional flowering repressors cannot be ruled out. Nevertheless, eudicots unlike monocots seem to have a limited number of TFL1/CEN-like genes. For instance, citrus has only one (Pillitteri et al. 2004) , grapevine has three (Carmona et al. 2007) , Lombardy poplar has two (Igasaki et al. 2008) , black cherry has two (Wang and Pijut 2013) and the perennial herb Gentiana has one (Imamura et al. 2011) . Even the annual eudicots have a limited number of TFL1-like genes, for example Arabidopsis has only one (Ratcliffe et al. 1998) , tomato has two (Pnueli et al. 2001) , tobacco has one (Amaya et al. 1999 ) and pea has two (Foucher et al. 2003) .
PgTFL1 and PgCENa were found to have the same genomic organization, with 4 exons and 3 introns (Figure 1a) , as reported in TFL1/CEN-like genes in many plant species, 13.2 ± 0.3*** 3.9 ± 0.2*** 35.7 ± 0.5*** Indeterminate Complementation study: 35 S::PgCENa/tfl1-14 #1 10 14.7 ± 0.6*** 2.5 ± 0.1*** 36.5 ± 0.7*** Indeterminate #2 10 12.2 ± 0.5*** 2.3 ± 0.1*** 32.5 ± 0.5*** Indeterminate #3 10 15.1 ± 0.4*** 2.5 ± 0.2*** 33.5 ± 0.6*** Indeterminate #4 10 14.5 ± 0.6*** 2.6 ± 0.1*** 37.8 ± 0.8*** Indeterminate #6 10 12.4 ± 0.5*** 2.3 ± 0.2*** 32.7 ± 0.5*** Indeterminate Overexpression study: 35 S::PgTFL1/wt #1 10 11.9 ± 0.2 2.9 ± 0.2 33.0 ± 0.5*** Indeterminate #2 10 14.1 ± 0.4*** 3.0 ± 0.2 34.3 ± 1.0*** Indeterminate #3 10 14.0 ± 0.5*** 3.1 ± 0.1 36.4 ± 0.7*** Indeterminate #5 10 14.3 ± 0.4*** 3.2 ± 0.1 35.6 ± 0.6*** Indeterminate #6 10 13.6 ± 0.4** 2.6 ± 0.2 36.2 ± 0.4*** Indeterminate Overexpression study: 35 S::PgCENa/wt #1 8 13.1 ± 0.4 2.7 ± 0.2 32.4 ± 0.8*** Indeterminate #2 8 13.4 ± 0.5* 2.6 ± 0.2 34.9 ± 0.5*** Indeterminate #3 8 13.1 ± 0.5 2.7 ± 0.2 31.9 ± 0.6*** Indeterminate
Analysis was carried out on five independent lines (except for 35 S::PgCENa/wt where three independent lines were used) with 8-12 plants per line Flowering times were measured by counting number of rosette leaves at bolting and the average number of days for plant to develop the elongated inflorescence with floral buds and cauline leaves. Rosette and cauline leaves were counted when flowers were completely open. Values are means ± SE. Tukey-Kramer test was performed for comparisons between wild type (wt) and tfl1-14. The asterisks indicate a statistically significant difference from tfl1-14 in complementation study and wild type (Col-0) in overexpression study (***P < 0.001, **P < 0.01, *P < 0.05).
especially dicots such as apple (Mimida et al. 2009 ), poplar (Igasaki et al. 2008) , grapevine (Carmona et al. 2007) , citrus (Pillitteri et al. 2004 ) and dogwood (Liu et al. 2016 ). The exon lengths are similar to what has been reported in the literature for these genes, however the introns and UTR lengths are considerably different in the two, as observed in TFL1/CEN genes in other plants (Carmel-Goren et al. 2003 , Carmona et al. 2007 , Igasaki et al. 2008 , Mimida et al. 2009 , Li et al. 2014 . Although both genes encode polypeptides of 172 amino acids with more than 70% amino acid sequence identity with each other, they segregate into distinct TFL1-like and CEN-like clades (Figure 1b and c) when compared with sequences of other tree species. However, conserved residues that differ from FT in Arabidopsis (Hanzawa et al. 2005, Ho and Weigel 2014) and that impart TFL1-like characteristics to a protein, namely His88, Glu112, Ser142, Asp144 and Asp156, were conserved in both, PgTFL1 and PgCENa (with the exception of Asn139 in place of Asp144 in PgCENa).
The high degree of similarity of PgTFL1 and PgCENa to Arabidopsis TFL1 proteins is reflected in the ability of both genes to suppress the early flowering and the determinate inflorescence phenotypes of the tfl1-14 mutant, strongly suggesting that they function as bonafide TFL1/CENs. In fact, their expression under the CaMV35S promoter delayed flowering compared with that in control Col-0, not only in the wild type background but even in the tf1-14 mutant background.
An interesting feature of the expression of PgTFL1/PgCENa genes was their high transcript levels in leaves during vegetative growth immediately after pruning and their gradual decrease over the next few months as flowering approached. Interestingly, transition from vegetative to reproductive phase occurred at the lowest transcript level of PgCENa. This specific expression pattern seemed to be correlated to pruning since the change was not seen in unpruned plants where transcript levels of both genes seemed somewhat random. Nevertheless, flowering in control unpruned plants, although continuous (but much reduced in comparison with pruned plants) was slightly more intense in three periods just prior to monsoon (June-July), after monsoon (September-October) and after winter (JanuaryFebruary). These months did correlate with reduced expression of PgCENa in unpruned controls although not necessarily with that of PgTFL1. To our knowledge, such an increase in transcription of TFL1 homologs after pruning and their decrease prior to flowering has not been reported in pruning cycles. Expression of TFL1-like genes has been reported in leaves of tomato (CarmelGoren et al. 2003 , Quinet et al. 2006 ) and ryegrass (Jensen et al. 2001) as well as leaves of other fruit trees like Prunus mume (Esumi et al. 2010) , Prunus persica (Chen and Jiang 2013) and Prunus serotina (Wang and Pijut 2013) , although these have not been studied with respect to pruning. Shoot pruning encourages vegetative growth through a change in hormonal balance, in particular the auxin and cytokinin ratios, in the plant (Tworkoski et al. 2006) . It is likely that the change in hormonal balance such as auxins, cytokinins or others may activate PgCENa and PgTFL1 and encourage further vegetative growth, although this will need further studies. In this respect, these genes may function like the SELF PRUNING gene in tomato, which controls shoot architecture (Pnueli et al. 1998 , Lifschitz 2008 . Interestingly, transition from vegetative to reproductive phase occurred at the lowest transcript level of PgCENa. Whether this decrease is associated with a corresponding increase in PgFT homologs prior to flowering is not known. Recent evidences have led to the hypothesis that changes in the ratios of SFT and SP (the homologs of FT and TFL in tomato, respectively) are responsible for the differences in branching and regulate overall plant architecture (Shalit et al. 2009 , Jaeger et al. 2013 , Lifschitz et al. 2014 . A similar regulation of shoot branching and flowering may be envisaged in pomegranate through regulation of the levels of PgCENa/PgTFL1 and the corresponding FT homologs after pruning, such that high PgCENa/ PgTFL1 levels may suppress flowering and activate vegetative growth while low levels may shift the balance to activate flowering. Indeed, a recent report in pears does suggest such a possibility wherein expression of PpTFL1s (PpTFL1-1a and PpTFL1-2a) reached their lowest levels just prior to flowering initiation without there being a concomitant change in PpFT1a and PpFT2a transcript levels (Bai et al. 2017 ). This change was also associated with a change in expression of several hormone-related genes. An endogenous control over PgCENa/PgTFL1 that leads to a decrease in their levels could therefore be as important as, or even more important than an increase in FT levels in determining the time of flowering. Understanding what signals the gradual reduction in PgCENa/PTFL1 in the months prior to flowering is therefore important and needs further studies. It has also been reported that TFL1 acts as a systemic molecule (Baumann et al. 2015) , which prompts us to hypothesize that PgTFL1/PgCENa expressed in leaf may repress axillary floral initiation. In spite of the ability of both genes to function as TFL1s, their native expressions in the vegetative and reproductive buds suggest different roles. PgTFL1 was barely expressed in the vegetative apex, while PgCENa was well expressed in vegetative apex with transcript levels at least eight-fold higher than PgTFL1. It also showed higher expression in all the vegetative tissues especially juvenile leaves, young shoots and also succulent shoots, but almost no expression in reproductive tissues (Figure 2b ). Shoot apex is the main growing area, where the expression of TFL1-like genes ensures maintenance of meristem identity and suppression of floral induction as reported earlier for VvTFL1A in grapevine (Carmona et al. 2007 ), GhTFL1a and GhTFL1b in cotton (Argiriou et al. 2008) , GmTFL1b in soybean (Liu et al. 2010 ), MdTFL1 and MdTFL1a in apple (Mimida et al. 2009 ), PsTFL1 in black cherry (Wang and Pijut 2013) , and PopCEN1 in Populus (Mohamed et al. 2010) . Recently, functional genomics demonstrated that three TFL1 genes act redundantly as a repressor of flowering in jatropha (Li et al. 2017 ). Given the above observations and the fact that PgCENa expression was very low in flowering buds (unlike PgTFL1, which shows considerable expression in the reproductive tissues), it appears that PgCENa is more likely to function as the repressor of flowering in pomegranate. PgCENa may also be associated with meristem identity, such as formation of vegetative meristem and proliferation of lateral branches. The high expression level of PgTFL1 in reproductive apex may, however, suggest a function other than suppression of floral transition. One possible function could be mediating proper flower bud development. Thus, unlike Arabidopsis, which has a single TFL1, the two TFL1s in pomegranate may be utilized to control distinct developmental processes, namely repression of flowering by PgCENa and development and growth of the reproductive tissues by PgTFL1 via distinct temporal and developmental regulation of their expression. The differential and largely non-overlapping expression pattern of both PgTFL1 and PgCENa may arise from variation in cis-acting elements in their promoters that could mediate differential responsiveness to environmental and hormonal factors. Indeed when the promoter regions of the two genes were examined, different cis-acting elements were noticed in PgTFL1 and PgCENa promoters (data not shown). Further studies on the comparison of cis-acting elements present in the promoter regions of the Indian tropical cultivars that flower the year round with those of the cultivars of Mediterranean regions that flower only once in a year in tropical conditions would help in developing markers that could help in breeding these two flowering types and selecting appropriate combinations for developing new varieties. These studies are in progress.
Conclusion
In summary, two TFL1 homologs, PgTFL1 and PgCENa, which likely regulate vegetative phase maintenance, meristematic identity and flowering suppression, were isolated and characterized from the important fruit tree pomegranate. These studies will help us to understand the flowering behavior and its regulation in pomegranate and enable better breeding programs for pomegranate improvement.
